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Abstract 

Tamoxifen is the standard adjuvant endocrine therapy for estrogen-receptor positive premenopausal breast cancer patients. 
However, tamoxifen resistance is frequently observed under therapy. A tamoxifen resistant cell line has been generated 
from the estrogen receptor positive mamma carcinoma cell line MCF-7 and was analyzed for putative differences in the 
aldehyde defence system and accumulation of advanced glycation end products (AGE). In comparison to wt MCF-7 cells, 
these tamoxifen resistant cells were more sensitive to the dicarbonyl compounds glyoxal and methylglyoxal and displayed 
increased caspase activity, p38-MAPK- and kBa-phosphorylation. However, mRNA accumulation of the aldehyde- and AGE- 
defence enzymes glyoxalase-1 and -2 (GLOI, GL02) as well as fructosamine-3-kinase (FN3K) was not significantly altered. 
Tamoxifen resistant cells contained less free sulfhydryl-groups (glutathione) suggesting that the increased sensitivity 
towards the dicarbonyls was due to a higher sensitivity towards reactive oxygen species which are associated with 
dicarbonyl stress. To further analyse, if these data are of more general importance, key experiments were replicated with 
tamoxifen resistant MCF-7 cell lines from two independent sources. These cell lines were also more sensitive to aldehydes, 
especially glyoxal, but were different in their cellular signalling responses to the aldehydes. In conclusion, glyoxalases and 
other aldehyde defence enzymes might represent a promising target for the therapy of tamoxifen resistant breast cancers. 
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Introduction 

Tamoxifen is the most commonly used anti-hormonal drug for 
adjuvant treatment of estrogen receptor (ER) positive premeno- 
pausal breast cancer patients. However, this is hampered by a 
frequently occurring development of resistance during therapy [1]. 
Several mechanisms have been proposed to explain the frequent 
occurrence of tamoxifen resistance in ER positive breast cancers 
[2]. Among these are increased signalling via the HER receptor 
system [3], altered expression of ER cofactors [4] or enhanced 
NFkB activity [5]. We further associated the expression of micro 
RNA-375 and epithelial-mesenchymal transition with the resistant 
phenotype [6] . We have also recently demonstrated the contribu- 
tion of the alternative G-protein coupled estrogen receptor GPR- 
30 to the tamoxifen resistance phenotype [7,8]. 

Most cancer cells rely on aerobic glycolysis with subsequent 
lactate production and not further metabolism of pyruvate in the 
TCA cycle for their energy metabolism, the "Warburg effect" [9]. 
The increased flow of metabolites through gylcolysis is associated 
with an accumulation of side products such as the a-oxo-aldehyde 



methylglyoxal [10]. This molecule, together with the smaller 
glyoxal is responsible for the increased aldehyde stress observed in 
many cancer cells. An accumulation of ot-oxo-aldehydes results in 
increased formation of "advanced glycation end products" 
(AGEs), which represent stable end products from the reaction 
of aldehydes with amino groups, the so-called Maillard reaction 
[11]. Here, an initially formed Schiffs base firstly undergoes the 
Amadori rearrangement to form early glycation products, which 
are then subject to further oxidations, rearrangements and 
eliminations. As a result, the AGEs represent a family of 
structurally diverse entities. They can be classified according to 
their physico-chemical properties, as for example, being fluores- 
cent, such as arginine-pyrmidine (jV 6 -(5-hydroxy-4,6-dimethylpyr- 
imidine-2-yl)-L-ornithine: ArgPyr) or pentosidine and non fluo- 
rescent, such as the rather simple alkylation products jV* -carboxy 
methyl lysine (CML) and jV^carboxyethyl lysine (CEL). Some of 
these AGEs form cross-links between amino acids in proteins. 
Frequently investigated examples for this group are pentosidine or 
glyoxal-lysine dimer (GOLD) [12]. Other authors have classified 
some AGEs according to their biological effects as toxic AGEs 
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(TAGEs) [13] which are also often referred to as glyco toxins [14]. 
AGE-modification of proteins influences their biological activity as 
enzymes [15] or signalling molecules [16] as well as their stability 
and degradation [17]. An increased cross linking of extracellular 
matrix proteins can also result in increased stiffness of organs such 
as the heart [18]. 

Additionally, the accumulation of reactive aldehydes and 
subsequent AGE-formation can influence gene expression or the 
activity of signal transduction molecules such as ion channels or 
growth factors [19,20]. Furthermore AGEs themselves can act as 
signalling molecules and increase oxidative stress and expression of 
proinflammatory cytokines through specific receptors such as 
RAGE (receptor for AGEs) [21,22]. As a consequence of these 
adverse effects, cancer cells depend on the expression of aldehyde 
defence enzymes, namely glyoxalase I (GLOl, EC 4.4.1.5) and -II 
(GL02, EC 3.1.2.6) also called hydroxyacyl glutathione hydrolase 
(HAGH) [23] to avoid excessive aldehyde stress and fructosamine- 
3-kinase (FN3K, EC 2.7.1.171) [24] to prevent AGE-accumula- 
tion. 

Overexpression of the alternative, membrane bound estrogen 
receptor GPR-30 (GPER) is one mechanism to overcome the 
growth inhibition by blocking the classical ER with tamoxifen 
[25]. GPR-30 is a typical G-protein coupled receptor that signals 
to phospholipase, which releases inositol triphosphate, and to 
adenylyl cyclase which produces cAMP [26]. cAMP is, besides 
other pathways, involved in the regulation of glycolysis and we 
therefore hypothesized that GPR-30 expressing cells might have 
increased glycolytic rates [27] which should result in altered 
formation of methylglyoxal and also aldehyde defence enzymes. In 
this study we therefore analysed whether tamoxifen resistant 
MCF-7 cells (TamR) indeed show an altered response towards 
exogenous methylglyoxal and glyoxal in terms of cell viability, 
MAP-kinase- and NF-kB activation and accumulation of AGEs. 
These data will potentially lead to the development of novel 
approaches to treat tamoxifen resistant breast cancer or to develop 
novel prognostic biomarkers for tamoxifen resistant ER-positive 
breast cancer. 

Materials and Methods 

Cells, antibodies and reagents 

MCF-7 cells were obtained from the American tissue culture 
collection (ATCC, HTB-22) and tamoxifen resistant cells were 
developed by cultivating these cells continuously with 4-OH- 
tamoxifen (10 nM, Sigma- Aldrich, Munich, Germany) as previ- 
ously described [8]. Tamoxifen resistant MCF-7 cells (TamR) 
were continuously grown in the presence of 4-OH tamoxifen 
(10 nM, Sigma-Aldrich, Munich, Germany). These MCF-7-Md 
and TamR-Md cells were cultivated in RPMI medium supple- 
mented with FCS (10%, Biochrome, Berlin, Germany) and 
Penicillin/ Streptomycin (Biochrome, Berlin, Germany). 

MCF-7-Hd and TamR-Hd cells [6], were cultivated in phenol- 
red-free DMEM/F12 medium (Gibco, Darmstadt, Germany) 
supplemented with FCS (10%, Biochrome, Berlin, Germany) and 
Penicillin/ Streptomycin (Biochrome, Berlin, Germany). MCF-7/ 
S0.5 and MCF-7/TAM R -l cells (MCF-7-Dk and TamR-Dk) [28] 
were cultivated in the same medium but supplemented with 1 % 
FCS and insulin (6 ng/mL, Sigma-Aldrich, Munich, Germany). 
TamR-Hd and TamR-Dk cells were continuously grown in the 
presence of 1 uM 4-OH tamoxifen. All cell lines were routinely 
screened for mycoplasma contamination. 

Primary antibodies were obtained from Cell Signaling Tech- 
nologies (via NEB, Frankfurt, Germany) for phosphorylated 
extracellular signal regulated kinase (pERK), pAKT, pp38MAPK 



plKBa and IkBcz or Sigma-Aldrich (R-actin). CML rabbit serum 
was raised against CML-modified key limpet hemocyanine 
[29,20]. The monoclonal antibody 6B directed against Arg- 
pyrimidine [30] was obtained from Biologo (Kronshagen, 
Germany). Secondary, peroxidase conjugated antibodies were 
from Dianova (Hamburg. Germany). Fluorescence labelled 
secondary antibodies (Dylight) were from Vector Laboratories 
(Biozol, Eching Germany). Methylglyoxal and glyoxal solutions 
were from Sigma-Aldrich (Munich, Germany). This methylglyoxal 
preparation was described to contain up to 9% formaladehyde 
[31]. 

Cell viability 

Approximately 50,000 cells were seeded per well of a 24-well 
plate. After incubation for one day, medium was replaced by fresh 
medium containing either glyoxal, or methylglyoxal or solvent 
(NaCl 0.9%). After further 3 days, medium was replaced with 
300 Hi PBS containing Ca 2+ - and Mg 2+ -ions (Biochrome, Berlin, 
Germany) and resazurin (10 ug/mL) and incubated for further 30 
to 120 minutes at 37°C. Then 100 ul resazurin solution was 
sampled and fluorescence recorded at wavelengths 525/580- 
640 nm (excitation/emission, fluorescence module "green") in a 
glomax microtitreplate reader (Promega, Mannheim, Germany). 
EC 50 values were determined from individual concentration- 
response by fitting experimental data to a sigmoidal equation using 
Origin 7.0 (Microcal Software, Northampton). EC-50 data are 
expressed as mean ± STD. The Student t test was used to analyze 
the differences between the groups. A value of p<0.05 was 
considered statistically significant. 

Hypoxia treatment 

For hypoxia treatment, cells were supplemented with fresh 
medium and transferred to a hypoxia incubator (Galaxy R, RS- 
Biotech) set to 0. 1 % oxygen for 24 h. After hypoxia treatment, cell 
cultures were taken from the incubator, growth medium was 
aspirated without any further delay and cell lysis was immediately 
carried out by addition of Trifast reagent (Peqlab, Erlangen, 
Germany) for subsequent RNA preparation. 

RT-PCR 

RNA was isolated according to the Trifast protocol (Peqlab, 
Erlangen, Germany). cDNA was synthesized from 500 ng RNA 
with oligo dT18 primer and Bioscript MMLV RNAse H" reversed 
trancriptase (Bioline, Luckenwalde, Germany). Real-time PCR 
was performed using a light cycler 2.0 and Cybergreen master mix 
(Roche, Mannheim, Germany). Primers and annealing conditions 
are described in table 1. Identity of the PCR-products was 
controlled by melting curve analysis and agarose electrophoresis. 
Standard curves were prepared from isolated PCR products by 
serial dilution. Data were normalized towards ot-tubulin-expres- 
sion. 

Cell stimulation experiments 

Cells were grown to confluence in 24-well plates before being 
subjected to serum starvation for 48 h in RPMI medium without 
antibiotics and phenolred. Dicarbonyls, 11-1(5 (10 ng/ml), FCS 
(5%) or control solvent was added for the times indicated. Then 
medium was aspirated and cells immediately lysed with SDS-lysis 
buffer (TRIS/C1 50 mM pH 6.8, SDS 2%, phosphatase- and 
protease inhibitor mix (Sigma-Aldrich, Munich, Germany)). MCF- 
7-Hd; MCF-7-Dk, TamR-Hd and TamR-Dk cells were treated in 
the same way but starvation was performed with DMEM/F12 
medium without serum and phenol-red. 
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Table 1. Primers and amplification conditions used for RT-PCR. 



Gene 


accession 




primer 


product 


annealing 


GLOI 


NM_006708.2 




TGACCATTGTGCTCTTGGCT AGTACAAGCACGGTTGGCAT 


395 bp 


52°C 


GL02 (HAGH) 


NM_005326.4 NM. 


.001040427.1 


CCAGCCCTGCTGGGAGTT CGACTCCAGCTTGACCAGTT 


279 bp 


52C 


FN3K 


NM_022 158.3 




CATCCCGCAGGTGAATGAGT GAAGGAAGCCGGGTCGTAAA 


256 bp 


52°C 


VEGF var. 1-9 


NM_001 025366.2 




GGGCAGAATCATCACGAAGT TGGTGATGTTGGACTCCTCA 


211 bp 


58C 


GAPDH 


NM_002046.4 NM. 


.001256799.1 


ATCATCCCTGCCTCTACTGG CCCTCCGACGCCTGCTTCAC 


188 bp 


57°C 


of-tubulin 


NM_032704.3 NM. 


.006082.2 


TCTTCAGGGCTTCTTGGTTT GGTGGTGAGGATGGAGTTGT 


181 bp 


56C 



doi:1 0.1 371 /journal.pone.01 01 473.t001 



Western-blotting 

Proteins were obtained by lysing the cells with SDS-based lysis 
buffer (see above). After denaturing SDS-polyacrylamide electro- 
phoresis (12%), proteins were transferred to nitrocellulose by tank 
blotting for 90 min at 100 V in TRIS /glycine buffer supplement- 
ed with methanol (20%). After staining with poinceau red, 
detection of antigens was performed as described earlier [20]. 
Blocking reagent was either BSA (2%, for phosphospecific 
antibodies and CML), which was prescreened for possible 
interference with the CML detection due to high endogenous 
CML content, or Rotiblock (Carl Roth, Karlsruhe, Germany, for 
anti Arg-Pyr (6B)) in TBS containing NP-40 (0.2%) Chemilumi- 
nescence signal was detected with ECL-detection reagent (Milli- 
pore, Darmstadt, Germany) in a GeneGnome luminescence 
imager (Syngene, Cambridge, UK). Membranes were stripped 
with Restore Western blot stripping buffer (Thermo, Bonn, 
Germany) before reprobing. Signals were quantified by using the 
ImageJ software package [32] and normalized towards the fi-actm 
signal from the same blot. 

Immunofluorescence 

Cells were grown on chamber slides (BD-Falcon, Heidelberg, 
Germany) until 50-80% confluence was reached. Dicarbonyls 
were added to the medium and after 24-48 h cells were fixed with 
methanol (10 min) and then acetone (5 min) at — 20°C. Slides 
were blocked with 10% normal goat serum in PBS supplemented 
with 0.2% Triton X-100. Primary antibodies were incubated in 
PBS (BSA 1 %) at 4°C overnight. After washing in PBS, fluorescent 
secondary antibody was used in the same buffer for 1 h at room 
temperature. After three further washes, slides were mounted with 
Vectashield mounding medium with DAPI (Vectorlabs, Biozol, 
Eching, Germany) and photographed using a Zeiss Axioplan 2 
fluorescence microscope, equipped with a Plan Neofluar 40 x/ 
0.75 objective (Zeiss, Jena, Germany) and Zeiss filter sets 02 
(G365 nm, FT 395 nm, LP 420 nm) 10 (BP 450-490 nm, FT 
510 nm, BP 515-565 nm), and 15 (BP 546 nm, FT 580 nm, LP 
590 nm). Photographs were taken with a JAI CV-M1 digital 
camera as part of the isis imaging system version 4.4.24 (Meta- 
Systems, Afdussheim, Germany). 

Cell fractionation 

Logarithmically growing cells were harvested in ice-cold PBS by 
using a cell scraper and subcellular fractions were obtained with a 
subcellular fractionation kit (Calbiochem, Darmstadt, Germany) as 
previously described [33] and recommended by the manufacturer. 

Caspase assays 

Caspase activity assays were performed by using the caspase 3/ 
7-glo luminescence assay system (Promega, Mannheim, Germany) 



and luminescence was read in a glomax multidetection system 
(Promega, Mannheim, Germany). Data were expressed relative to 
control treatments for each cell line. 

Determination of free SH-groups (glutathione) 

Free sulfhydryl (SH)-groups were determined by electron spin 
resonance using the biradical bis (2,2,5,5, tetramethyl 3-imidazolin 
1-yloxy 4-yl) disulfide (100 uM) [34] as previously described [33]. 
Briefly, cells were grown to approximately 70% confluency in 6- 
well plates. Dicarbonyls were added for one hour at 1 mM 
concentration. Afterwards cells were washed twice with ice-cold 
phosphate buffered saline (PBS) and detached in 1 mL PBS by 
using a cell scraper. After centrifugation (1,000 xg 15 min at 4°C) 
cells were resuspended in 100 ul sodium phosphate buffer 
(50 mM, pH 6.5) and stored at — 80°C until further use. For 
measurement, cells were lysed with 0.1% Triton X-100, centri- 
fuged (12,000 xg, 5 min 4°C) and supernatants used for ESR and 
protein determination (BioRad DC protein assay, Munich, 
Germany). ESR spectra were recorded using a Miniscope 100 
(Magnettech Berlin, Germany) using the following settings: center 
field: 3365 G, sweep width: 50 G, sweep time: 60 s, modulation 
amplitude: 0.1 G, power attenuation: 12 dB, receiver gain: 50. 
Each experiment was repeated 3 times and the data expressed as 
mean ± standard error of the mean (SEM). Air external standard 
curve was prepared using glutathione. Additionally, dicarbonyls 
(1 mM) were added to the standards to assure that these 
substances do not interfere with the assay. 

Determination of necrosis and apoptosis by flow 
cytometry 

To discriminate between apoptosis and necrosis, combined 
staining with annexin V-fluoresceine conjugate and propidium 
iodide was performed by using the FITC Annexin V Apoptosis 
Detection Kit 1 (BD-Pharmingen, Heidelberg, Germany) accord- 
ing to the manufacturer's recommendations. Cells were seeded 
into 6-well plates to a density of about 50%. The next day, 
aldehydes were added and cells further incubated for 4-16 h as 
indicated. Afterwards, cells were detached with Trypsin/EDTA, 
stained and analyzed with a Fortessa cell analyzer (BD-Bioscienc- 
es, Heidelberg, Germany). 

Statistics 

Statistical calculations were performed with the SPSS pro- 
gramme package vers. 21 (IBM, Ehningen, Germany). Details are 
indicated in the tables and figures. 
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Results 

Toxicity of dicarbonyls was increased in tamoxifen 
resistant cells 

To analyse whether the three independently generated tamox- 
ifen resistant cell lines would differ in their respective aldehyde 
stress response we determined the viability/proliferation of these 
cells towards methylglyoxal and glyoxal. The applied resazurin 
assay determines the number of cells as well as their capability to 
reduce this dye. All three tamoxifen resistant cell lines were indeed 
more sensitive towards either glyoxal or both dicarbonyls. EC 50 
values were estimated to be 1 .2 ±0.3 mM and 0.6±0.2 mM for 
glyoxal (p = 8.2*10~ 4 ) and 0.6±0.1 and 0.4±0.1 mM for meth- 
ylglyoxal (p = 0.002) for the MCF-7-Md and TamR-Md cell line, 
respectively (Figure 1). MCF-7-Hd and TamR-Hd cells tolerated 
higher concentrations of the aldehydes. No difference in toxicity 
was found for methylglyoxal (EC 50 value: 0.8±0.3 mM for both 
cell lines, p = 0.8) but TamR-Hd cells were more sensitive to 
glyoxal (EC 50 value 1.1 ±0.3 mM and 2.1 ±0.8 mM respectively 
(p = 7.6*10" 4 ). Regarding the Dk-cell lines, EC 50 values for MCF- 
7-Dk and TamR-Dk were 1.0±0.4 mM and 0.8±0.1 mM for 
methylglyoxal (p = 0.055) and 1.9±0.2 mM and 1.1 ±0.5 mM for 
glyoxal (p= 1.4*10 *), respectively. Hence, aldehyde toxicity was 
increased for both aldehydes in TamR-Dk cells. 

Increased AGE-accumulation occurred under dicarbonyl 
stress 

To analyze whether this increased toxicity correlated with 
increased AGE-accumulation, we then determined the amount of 
advanced glycation end products that accumulate in the MCF-7- 
Md and TamR-Md. The AGE c N-carboxymethyl lysine (CML) is 
a marker for glyoxal stress whereas methylglyoxal causes an 
increased formation of JV S -(5-hydroxy-4,6-dimethylpyrimidine-2- 
yl)-L-ornithine (ArgPyr) and to a larger amount MG-H 1 (5-Hydro- 
5-methylimidazolon). These AGEs were detected by specific 
antibodies and Western blotting. 

The ot-CML antiserum was raised against CML modified key 
limpet hemocyanine (KLH) and specifically detects glyoxal 
induced AGEs, especially CML [29]. The monoclonal antibody 
6B was raised against methylglyoxal modified KLH [30]. It 
specifically detects ArgPyr but also cross reacts weakly with the 
MG-H1 antigen which is usually present in vast excess over 
ArgPyr. It is therefore expected that this antibody will detect both 
methylglyoxal induced AGEs (MG-AGEs). As we could not detect 
differences in AGE accumulation between MCF-7-Md and 
TamR-Md in total protein lysates (data not shown), we performed 
a subcellular fractionation. Only five differences in the pattern of 
AGE-modified proteins could be detected with this technique. In 
detail, a 60 kDa protein of the cytosolic fraction and three proteins 
of 19, 28 and 62 kDa of the nuclear fraction were more intensively 
stained for MG-AGEs in MCF-7-Md than in TamR-Md. For 
CML, two bands at 28 kDa of the nuclear as well the cytoskeletal 
fraction were more intense in the MCF-7-Md cells (indicated by 
arrows in figure 2). In a next set of experiments, we analysed 
whether increased exogenous dicarbonyl stress can increase the 
amount of AGE-modified proteins. This was indeed the case at 
concentrations above 1 mM (Figure 3A). This stress induced 
AGE-formation was specific for the dicarbonyl applied, as glyoxal 
produced CML and methylglyoxal resulted in MG-AGEs. This 
result could be further confirmed by immunofluorescence 
(Figure 3B). We were also able to detect AGE-modification of 
serum proteins of the growth medium at carbonyl concentrations 
higher than 1 mM in dot blots (data not shown). Both results 



showed that AGE-formation was not due to heating of the samples 
for denaturing electrophoresis. 

Dicarbonyl toxicity was associated with nuclear 
condensation and caspase activation 

To characterize the type of cell death further, we investigated 
nuclear morphology and caspase activity after dicarbonyl treat- 
ment in MCF-7-Md and TamR-Md cells. We observed a dose 
dependent condensation of the nuclei (Figure 4A). The activity of 
the executor caspases 3/7 was determined with a specific 
luminescent enzyme assay. As MCF-7 cells are deficient in 
caspase-3, [35] this assay will here only determine capase-7 
activity. This caspase activity was highest at 6 h after adding the 
dicarbonyls to the cells (data not shown). At this time point, 
TamR-Md cells exhibited a higher increase in caspase activity 
than wt MCF-7-Md cells and glyoxal resulted in higher caspase 
activity than methylglyoxal. At very high (5 mM) concentration of 
the dicarbonyls, caspase activation was similar for both cell lines 
with 1.7-fold activation for glyoxal and 1.4-fold activation for 
methylglyoxal (Figure 4B). Annexin V and propidium iodide 
staining was performed to further discriminate necrotic cell death 
from apoptosis. Annexin V positive cells are considered to undergo 
apoptosis whereas necrotic cells are characterized by unlimited 
entry of propidium iodide and subsequent nuclear staining. This 
analysis was performed after 6 h of treatment when caspase 
activity was found to be highest with aldehydes at 2 mM 
concentrations. We then observed a small, but significant increase 
in the percentage of cells that were positive for annexin V, 
propidium iodide and both dyes (Figure 4C). Whereas glyoxal 
treated MCF-7-Md cells exhibited an increase in all three cell 
populations of about one third, methylglyoxal treatment resulted 
mainly in increased numbers of propidium iodide positive cells and 
even in a decrease in annexin V positive and propidium iodide 
negative cells (Figure 4C). 

Dicarbonyl defence gene expression was comparable in 
MCF-7 and TamR cell lines 

To explore the dicarbonyl defence capacity of the cells, the 
mRNA accumulation of glyoxalase-1 (GLOl) and -2 (GL02) as 
well as of fructosamine 3-kinase (FN3K) was determined by 
quantitative RT-PCR under normal growth conditions and after 
hypoxia treatment and normalized to alpha-tubulin expression. 
We found no significant differences between the MCF-7-Md and 
TamR-Md cell lines (Table 2). Under hypoxic stress conditions we 
expected a higher glycolytic flow with higher methylglyoxal 
production, possibly resulting in increased defence gene expres- 
sion. VEGF mRNA was used as a positive control. TamR-Md 
exhibited slightly reduced VEGF mRNA level already under 
normoxic conditions and VEGF mRNA accumulated only by a 
factor of 32 under hypoxia treatment, whereas MCF-7-Md 
showed a 92-fold increase. GAPDH was equally induced in these 
cell lines by a factor of approximately 7-fold. GLO-1 was also 
weakly induced by hypoxia in MCF-7-Md cells, whereas the 
TamR-Md- hypoxia response for these two genes was not 
significant. In case of FN3K, only TamR-Md cells exhibited 
increased mRNA accumulation under hypoxic conditions, mainly 
due to the lower basal expression under normoxia (Table 2). In 
further analysis, we analysed the mRNA accumulation of GLO 1 
and-2 as well as FN3K in MCF-7-Hd, and -Dk as well as in 
TamR-Hd and-Dk under control conditions. Again, no significant 
differences between these MCF-7 and TamR lines were observed 
(data not shown). 
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Figure 1. Vitality / proliferation of MCF-7 and TamR cells in response to treatment with methylglyoxal and glyoxal. Cells were 
cultivated with the indicated concentrations of the aldehydes for 3 days in full medium before proliferation and vitality was assessed by the resazurin 
assay. Signals form control cultures without added aldehydes were set to 1.0. 
doi:10.1371/journal.pone.0101473.g001 



Tamoxifen resistant cells contained less free SH-groups 

Dicarbonyl defence by the glyoxalase system strongly relies on 
the presence of the cofactor glutathione (GSH) which is also 



needed for antioxidant defence. Other free sulfydryl groups do also 
act as antioxidants, and are an important depot for aldehydes as 
reversible binding of the aldehydes especially to cystein occurs 
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Figure 2. AGE accumulation in MCF-7 and TamR cells. MCF-7-Md 
and TamR-Md cells were grown under standard conditions and 
harvested in the logarithmic phase. Cells were fractionated by a 
detergent based protocol and AGEs detected by Western blotting. 
Based on protein determination and Coomassie staining (A), equal 
amounts of protein were loaded for both cell lines and the AGEs MG- 
AGE (B) and CML (C) detected by Western analysis. Differences in the 
pattern of AGE-modified proteins are indicated by arrows. 
doi:10.1371/journal.pone.0101473.g002 



Dicarbonyl stress resulted in MAP-kinase and NF-kB 
activation 

To analyze early signalling events that were involved in the 
response towards aldehydes, we determined the phosphorylation 
of the MAP-kinases p38 and p42/44 (ERK1/2) as well as protein 
kinase B (AKT) by Western blotting (Figure 5). The MCF-7-Md 
and TamR-Md cell lines exhibited a clearly different dose response 
curve and responded significantly stronger to methylglyoxal than 
glyoxal treatment. TamR-Md cells were particularly more 
sensitive towards methylglyoxal than the parental MCF-7-Md cell 
line, especially in case of AKT and p38-MAPK-phosphorylation. 
Interestingly, the 5 mM concentration of methylglyoxal, strongly 
reduced kinase phosphorylation in TamR-Md cells only (Figure 5). 
We then determined the phosphorylation of the NF-kB subunit 
IkBoc by Western blotting as an indication for NF-kB activation. 
Only TamR-Md cells responded with IkBoc phosphorylation to 
exogenous methylglyoxal but not glyoxal stress (Figure 6). TamR- 
Md cells also contained about half IkBoc than the MCF-7-Md 
parental cell line (MCF-7: 1.0+0.1; TamR: 0.52±0.04 p<0.001; 
normalized to [i-actin and MCF-7) which argues for higher basal 
activity of NF-kB in these cells. 

MCF-7-Hd and TamR-Hd cells challenged with the aldehydes 
responded also with increased IkBo!-, p38-MAPK- as well as 
ERK1/2- and AKT-phosphorylation (Figure 7 A). The responses 
towards glyoxal were rather weak compared to the challenge with 
methylglyoxal. In fact, MCF-7-Hd cells did not show significant 
changes in the phosphorylation events in respone to glyoxal at the 
time point analysed. Especially, iKBot-phosphorylation could only 
be achieved by stimulation with methylglyoxal and TamR-Hd 
cells showed this phosphorylation already at concentrations as low 
as 0.5 mM whereas for MCF-7-Hd cells, an increased phosphor- 
ylation was only seen with 2 mM methylglyoxal. 

MCF-7-Dk and TamR-Dk cells showed less pronounced 
phosphorylation events (Figure 7B). Neither glyoxal nor methyl- 
glyoxal treatment resulted in phosphorylation of IkBoc, but the 
basal level of phosphorylated IkBoi was higher in TamR-Dk cells 
compared to MCF-7-DK cells. pAKT was slighdy increased in 
reponse to glyoxal and more significandy induced by methylgly- 
oxal and this was more pronounced in TamR-Dk cells. p38- 
MAPK phosphorylation was slighdy increased in response to 
glyoxal in TamR-Dk cells and not in MCF-7-Dk cells. Methyl- 
glyoxal resulted in increased p38-MAPK phosphorylation in both 
cell lines, but TamR-Dk cells responded at lower concentrations 
than the MCF-7-Dk cell line. For p42/44 (ERK1/2) a high degree 
of basal phosphorylation was observed in the TamR-Dk cell line in 
agreement with previously published data [28]. This was also 
evident in case of the MCF-7-Hd and TamR-Hd cell lines. 
Phosphorylation of ERK was only increased in response to 
methylglyoxal and this response was again stronger in the TamR- 
Dk cell line. 

Discussion 



[36]. Therefore, we determined the amount of free sulfhydryl 
groups by ESR spectroscopy as such free SH-groups are mainly 
provided by glutathione. Nevertheless other antioxidants such as 
thioredoxins will also contribute to these data. TamR-Md cells 
contained only about 60% of the SH-groups determined in MCF- 
7-Md cells and this was further decreased after 1 h dicarbonyl 
treatment (Table 3). 



Most cancer cells predominantly rely on aerobic glycolysis for 
energy production. As a side product of this increased glycolytic 
flow, methylglyoxal is produced in significant amounts and many 
cancer cells have increased expression of aldehyde defence genes 
such as glyoxalase-1 [10]. There is also evidence for persistent 
oxidative stress in cancer cells [37], which results in increased 
glyoxal levels from gycoxidation. It has therefore been suggested, 
that glyoxalase is a promising target for anticancer drugs [38] . 

Tamoxifen resistance poses an important problem in the 
treatment of hormone sensitive breast cancer and new strategies 
against these resistant cancer cells are urgently needed [39,40]. To 
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Figure 3. AGE accumulation under exogenous aldehyde stress. A: AGE accumulation (CML (left) and MG-AGE (right)) in MCF-7-Md (lower 
panel) and TamR-Md cells (upper panel) after cultivation for three days with different concentrations of methylglyoxal and glyoxal as shown by 
Western blotting. Strongly enhanced AGE accumulation became visible when cell number was significantly reduced due to toxic effects, as 
represented by the decreasing (5-actin signal. Glyoxal resulted in accumulation of CML whereas methylglyoxal treatment caused MG-AGE 
modification. Cells were treated as described for the determination of vitality/proliferation. Proteins were extracted per well and not corrected for 
protein amount. Therefore, the blots represent adherent cells only. B) AGE accumulation shown by immunofluorescence. Composite images of dual 
exposures are shown. MCF-7-Md cells were stained for CML and MG-AGE (red) by specific antibodies as indicated and nuclear staining was achieved 
with DAPI (blue) of cells treated for 24 h with 1 mM methylglyoxal or glyoxal. 
doi:10.1371/journal.pone.0101473.g003 



analyze tamoxifen resistance in vitro, tamoxifen tolerant cell lines 
derived from the commonly used ER-positive breast cancer cell 
line MCF-7 [41] are a well established cellular model. In this 
study, we have primarily analyzed the TamR-Md cell line in 
which the alternative estrogen receptor GPR-30 contributes to the 
resistant phenotype [7,8]. GPR-30 signals through G-proteins to 
increase cAMP, Ca 2+ and inositol-3-phosphate as second messen- 
gers. As cyclic AMP is well known to regulate glycolytic enzymes 
and to interact with other pathways, we hypothesized that the 
response to glycolytic side products such as methylglyoxal or the 
related C 2 -moiety glyoxal might be more generally changed as a 
result of altered estrogen signalling in acquired tamoxifen 
resistance. 



As a first indication that the TamR cells might respond 
differentially to aldehyde stress, we observed a moderate, 
approximately two-fold increase in sensitivity in terms of cell 
viability towards both a-oxo-aldehydes tested (Figure 1). An 
increased formation of dicarbonyls can result in increased 
accumulation of AGEs, in case that the dicarbonyl defence is 
not sufficient. However, we found only a few differences in AGE- 
modified intracellular proteins in the two cell lines under normal 
growth conditions (Figure 2). Nevertheless, these differences are 
too small to be a result of a broadly increased AGE-stress and 
might reflect minor differences in the two cell types such as a 
higher expression of the AGE-target proteins. We have already 
made similar observations with the osteosarcoma cell line 143b. 
These cells were also capable of keeping their AGE load virtually 
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Figure 4. Dicarbonyl treatment caused nuclear condensation and caspase 3/7 activation but resulted mainly in necrotic cell death. 

4A: Assessment of nuclear morphology. MCF-7-Md and TamR-Md cells were incubated for 48 h with dicarbonyls at the indicated concentrations and 
nuclei visualised by DNA staining with DAPI and fluorescence microscopy. 4B: Determination of caspase activity. MCF-7-Md and TamR-Md cells 
were incubated with the dicarbonyls for 6 h at the indicated concentrations. Executer caspases 3/7 were determined by a specific luminescent 
enzyme activity assay. Activity in control treatments of the respective cell line was set to 1. 4C: Determination of necrosis and apoptosis by 
flow cytometry. MCF-7-Md cells were treated for 6 h with 2 mM aldehydes before annexin V and propidium iodide double staining and flow 
cytometric analysis was performed. Representative results of the flow cytometry are shown on top and quantitative analysis of data from 7 
experiments performed in triplicate is shown below. Percentage of cells in each quadrant in the control treatments was set to one. Annexin staining is 
shown on the y-axis and propidium iodide staining on the x-axis. 
doi:10.1371/journal.pone.0101473.g004 



constant although glycolytic and mitochondrial activity and, thus, 
aldehyde and oxidative stress were severely altered in mitochon- 
dria deficient 143b rho ° cells [33]. 

Only under severe exogenous dicarbonyl stress, a significant 
increase of AGE-formation in MCF-7 and tamoxifen resistant cells 
could be observed. Under these concentrations the cells showed 
reduced viability, demonstrating that the aldehyde defence systems 
were unable to cope with these intense noxes. 

However, we found no striking differences in the expression of 
defence enzymes against dicarbonyls (glyoxalases) and early 
glycation products (FN3K) [24] even under hypoxic stress in the 
two cell lines (Table 2). But when analysing free sulfhydryl groups 
representing mainly glutathione, we found a significantly lower 
content in the tamoxifen resistant cell line and this was further 
reduced by exogenous dicarbonyl stress (Table 3) This reduced - 
SH content is important for the aldehyde stress response as on one 
hand glyoxalases need GSH as a cofactor for detoxification and on 
the other hand dicarbonyl stress is known to cause the production 
of reactive oxygen species by NADPH oxidases. This oxidative 
stress can then induce apoptosis [42-44]. In accordance with the 
literature, we have preliminary data by applying the redox 
sensitive dye 2',7'-dichlorodihydrofluorescein diacetate (DCFDA) 
that show that dicarbonyls indeed evoke oxidative stress in MCF- 
7-Md and TamR-Md cells. Also, co-incubation with the antiox- 
idant N-acetyl cystein (NAC) and the NADPH-oxidase inhibitor 
diphenyleniodonium (DPI) reduced the formation of reactive 
oxygen species and NAC also increased the viability of the cells (N. 
Nass, unpublished data). 

Other known signalling pathways associated with dicarbonyl 
stress involve p38-MAPK [44], p42/44-MAPK [45], apoptosis 
[46], p21 activated kinase [45,46] and receptor kinases [47]. But 
also the intracellular kinase AKT1 can respond directly to 
methylglyoxal modification by increased phosphorylation 
[48,49]. We therefore analysed some aspects of signalling and 
apoptosis in the wildtype MCF-7 and derived TamR cell lines. 



Our results for MCF-7 and TamR cells are in accordance with 
these earlier reports, as we observed increased MAPK phosphor- 
ylation (Figure 5), caspase 7 activity (Figure 4B) and also activation 
of the ROS-sensitive NF-kB transcription factor, especially under 
methylglyoxal stress (Figure 6). All these events were significandy 
more pronounced in the TamR cell lines. The observed activation 
of caspase 7 and nuclear condensation were consistent with 
apoptotic cell death, although MCF-7 cells have been reported to 
be deficient in caspase 3 and are therefore not able to display all 
features typical for apoptosis, especially shrinking and blebbing 
[35]. However, as demonstrated by flow cytometric analysis of 
annexin V, as a marker for apoptosis and propidium iodide 
permeability, as a marker for necrosis, we mainly observed cells 
undergoing necrosis. Only in case of glyoxal, an increase in 
annexin V positive cells was also observed (Figure 4C). This 
correlated with the higher caspase activation in glyoxal than in 
methylglyoxal treated cells. In contrast to other cells, that undergo 
reactive oxygen/p38-MAPK induced apoptosis in response to 
aldehydes, we conclude that MCF-7, as being partially apoptosis 
deficient, exhibited mainly necrotic cell death in response to 
aldehyde stress. 

As we have demonstrated, a decreased amount of free sulfhydryl 
groups in the TamR-Md line, we propose that TamR cells were 
more vulnerable to dicarbonyl stress because these limited 
amounts of glutathione may be insufficient for the glyoxalase 
system as well as antioxidant defence. This is consistent with 
increased activation of p38 MAPK and NF-kB, both representing 
ROS sensitive signalling molecules. Nevertheless, the reason for 
the decrease in free sulfhydryl groups is unknown and requires 
further investigations. 

We would also like to point out that the two dicarbonyls clearly 
evoked different responses in the cells. For example, we obtained 
no evidence for IkB« phosphorylation in response to glyoxal 
which we observed in response to methylglyoxal. Additionally, 
caspase 3 activation was more pronounced in response to glyoxal. 



Table 2. Relative mRNA accumulation of genes involved in dicarbonyl defence and hypoxia. 





Genes 


MCF-7 normoxia 


TamR normoxia 


MCF-7 hypoxia 


TamR hypoxia 


GLOI 


1.0+/-0.14 


1.59+/- 0.30 


2.03+/-0.36 $ 


1.11+/-0.24 


GL02 


1.0+/-0.15 


0.97+/-0.16 


1.50+/-0.19 


0.79+/-0.28 


FN3K 


1.0+/-0.19 


0.55+/-0.10 


1.16+/-0.37 


1.36+/-0.28 $ 


VEGF 


1.0+/ -0.08 


0.75+/-0.18 


91.9+/-30.1 * 


24.0+/-5.9 *§ 


GAPDH 


1.0+/- 0.07 


0.96+/-0.15 


7.44+/- 1.1 3 * 


6.68+/- 1.27 * 



Cells were cultivated for 24 h under normoxic or hypoxic conditions and mRNA accumulation determined by qRT-PCR as described in material and methods. mRNA 

accumulation was normalized towards a-tubulin mRNA content and MCF-7 under normoxic conditions was set to 1. Average and standard error (SEM) are given. 

Experiment was performed in triplicate with each data point determined with six repetitions each. 

Statistics (one way ANOVA, Tamhane T2, post hoc analysis): 

*: p<0.05 versus same cell line control. 

% p<0.1 versus same cell line control. 

5 : p = 0.1 versus other cell line, same treatment. 

doi:1 0.1 371 /journal.pone.01 01 473.t002 
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Table 3. Free SH-groups as a 


measure for glutathione in MCF-7 and TamR cells as determined by electron spin resonance 


spectroscopy. 






Cells / treatment 


Free SH groups pmol/ug protein 


MCF-7 control 


23.9±1.8 


MCF-7 glyoxal 


18.8 ±2.4 


MCF-7 methytglyoxal 


18.1 ±2.4 


TamR control 


13.6±2.2 * 


TamR glyoxal 


4.6 ±2.5 a 


TamR methylglyoxal 


6.3±1.7 b 


Cells were grown in RPMI / FCS medium to about 70% confluence before aldehydes were added at 1 mM concentration for 1 h. Experiment was performed three times 
with duplicates for each treatment. Average and standard error are given. Statistical significance was determined by one way ANOVA after normal distribution was 
proven by Kolmogorov-Smirnov test. 

*: significant to MCF-7 control; a: p = 0.06 to TamR control; b: p = 0.078 to TamR control. 
doi:1 0.1 371 /joumal.pone.01 01 473.t003 



Although such differences in the responses of cells towards the different efficiency. It is therefore plausible that these two 

dicarbonyls glyoxal and methylglyoxal have been discussed before molecules have also different target molecules, which should be 

[50], the reasons remain still unclear. Glyoxal and methylglyoxal the focus of further research. 

differ only in one methyl group and this results in the formation of A possible problem in interpreting the differential responses of 

hydrates with differing reactivity [51]. The two molecules have the cells towards the aldehydes is the known contamination of 

also slightly different lipophilicity (logK Oc/w =—1.5 and — 1 .66, commercial methylglyoxal with formaldehyde [31]. This substance 

respectively (HSDB database http://toxnet.nlm.nih.gov/cgi-bin/ is significantly more toxic than methylglyoxal and can therefore 

sis/htmlgen?HSDB) and might therefore enter the cells with contribute to the observed high toxicity of methylglyoxal if 
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Figure 5. Kinase phosphorylation in MCF-7-Md and TamR-Md cells in response to glyoxal and methylglyoxal. Confluent and serum 
starved cells were incubated with different concentrations of dicarbonyls for 10 minutes before proteins were extracted and subjected to Western 
blot analysis. Experiments were repeated three times in duplicate. A representative Western blot and the quantification of the signals of all 
experiments are shown. Band intensity was expressed relative to the R-actin signal and control treatments were set to 1 for each cell-line. 
doi:10.1371/journal.pone.0101473.g005 
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Figure 6. Phosphorylation of IkBij in response dicarbonyl 
stress. Cells were incubated with different concentrations of dicarbo- 
nyls and with ll-ip (10 ng/mL) as positive control treatment for 10 
minutes. IkBc< phosphorylation was detected by Western blotting. 
Experiment has been performed three times with duplicates for each 
treatment, one representative blot is shown. 
doi:10.1371/journal.pone.0101473.g006 



compared to glyoxal. However, when we challenged the cells with 
formaldehyde alone, we could not observe increased kinase 
signalling (data not shown), thus it is unlikely that the formalde- 
hyde contamination was responsible for the different cellular 
responses towards methylglyoxal and glyoxal. 

When we extended our study to independendy generated 
tamoxifen resistant cell lines several similarities but also a clear 
differences were identified. The cell lines used here came from 
different laboratories and the tamoxifen resistant cell lines have 
been selected under different conditions. The TamR-Hd cells were 
generated very similarly to the TamR-Md line except that a richer 
growth medium and a 100-fold higher 4-OH-tamoxifen concen- 
tration have been used. The TamR-Dk cells were derived from a 
MCF-7 line that has been adapted to grow with reduced serum 
supplementation. These cells were also grown in a richer medium 
and the tamoxifen resistant cell line was established form a colony 
of cells surviving long term treatment with 1 uM tamoxifen 
[28,49]. 

Several possible mechanisms for tamoxifen resistance have been 
described, and the cell lines have each been studied with a 
different focus. TamR-Hd cells have been analysed under the 
aspect of micro RNA expression and an accompanying endothelial 
mesenchymal transition associated with tamoxifen resistance [6]. 
TamR-Dk cells were analysed with the focus on human epidermal 
growth factor receptors (HERs), ERK signalling and estrogen 
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Figure 7. Phosphorylation of kinases in MCF-7-Hd and -Dk and TamR-Hd and -Dk cell lines in response to dicarbonyls. 7A: MCF-7-Hd 
and TamR-Hd cell lines 7B: MCF-7-Dk and TamR-HDk cell lines. Cells were treated as described for figure 5 and 6. Experiments were performed at least 
three times in duplicate and the result of one representative experiment is shown. 
doi:10.1371/journal.pone.0101473.g007 
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receptor ot [28,52]. For TamR-Md cells, we have intensively 
studied the contribution of GPR-30 to tamoxifen resistance [8]. 
Nevertheless, all TamR cell lines tested here exhibited an altered 
sensitivity towards the a-oxoaldehydes glyoxal and methylglyoxal 
if compared to the corresponding parental wt MCF-7 cell lines. It 
is tempting to propose that there is a common mechanism 
underlying this result. Our data strongly suggest that tamoxifen 
resistant cells are less resistant to oxidative stress, which can be 
caused by increased endogenous production of reactive oxygen 
species or a reduced expression of antioxidants defence systems. 
Clearly, further research is needed to clarify this point. 

The relevance of these cell culture based results for tamoxifen 
resistance occurring in vivo, remains also to be elucidated. In vivo, 
the physiological concentrations of the dicarbonyls are usually in 
the micromolar range, nevertheless this can have severe implica- 
tions for disease development and progression as shown i.e. for 
diabetes [19]. In contrast, the toxic exogenous concentration for 
these aldehydes in cell culture is usually in the millimolar range, 
depending on the cell type studied. However, in such experiments 
dicarbonyls are usually applied extracellularly and due to their 
fast, but reversible reaction with amines to form Schiff s bases, the 
amount of free aldehyde is much lower. Additionally, the 
intracellular concentrations of endogenous free aldehydes are 
unknown and will be highest in areas where glycolytic interme- 
diates are localized. 
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Nevertheless, other groups have demonstrated that AGEs 
accumulate in mamma carcinoma [53] and that glyoxalase 
expression [54] and polymorphisms are relevant for breast cancer 
[55]. Consequendy, targeting glyoxalase has been proposed as 
cancer therapy [10,56] and even oral consumption of methylgly- 
oxal has been investigated in mice to treat cancer [57]. If the 
results presented here, are indeed representative for at least a 
subset of ER-positive, tamoxifen resistant mamma carcinomas, 
targeting glyoxalase might be a promising approach for the 
treatment of tamoxifen resistant ER-positive breast cancer. 
Furthermore, the carbonyl defence enzymes and AGE-modifica- 
tions should be evaluated as putative prognostic or even predictive 
biomarkers. 
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